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Thermal Preferences and Distribution of Northern
Michigan Crayfishes
Troy A. Keller'"* and Brian A. Hazlett^
Abstract - Crayfishes function as both ecosystem engineers and keystone species,
and they serve as the trophic linkage between benthic organisms and fish predators.
Because crayfish behavior, physiology, and growth are controlled by temperature,
thermal differences among habitats may have important implications for crayfishes
and the ecosystems they inhabit. To investigate the association between crayfish
and temperature, we measured thermal preferences of 3 crayfish species in lab ex-
periments (2007), recorded summer water temperatures at 9 sites (July 1-August 9,
2008), and trapped crayfishes at these same sites in northern Michigan. Orconectes
rusticus (non-indigenous) preferred nearly 1 °C warmer water (=22 °C) than Or-
conectes virilis and Orconectes ptopinquus. Crayfishes inhabited sites with similar
temperatures. These sites had average summer temperatures ranging from 21-23 °C
Sites without crayfish were on average 7 °C colder than sites with crayfish. Thus,
crayfish thermal preferences were closely correlated with average summer water
temperatures across aquatic habitats.
Introduction
Crayfishes are a diverse taxonomic group of freshwater invertebrates
that have the center of their diversity located in North America (Taylor et
al. 1996). These large and abundant invertebrates are important ecosys-
tem engineers (Statzner et al. 2000) and can function as keystone species
(Creed 1994). Because of their role as prey of stream fishes, they function
as a trophic link between benthic communities and predatory fishes (Rabeni
1992). Their important ecological role provides impetus for investigating
factors (e.g., temperature) that regulate their geographic distribution. Cray-
fishes, like other eurythermal freshwater invertebrates, have physiological
adaptations that enable thetn to tolerate a broad range of temperatures.
Temperature regulates crayfish physiology (Whiteley et al. 1997), behavior
(Crawshaw 1983). and growth (Wetzel and Brown 1993). and it may alter
crayfish productivity and geographic distribution (Momot 1984).
Lotie water temperatures are controlled by atmospheric conditions, to-
pography, discharge, and stream-bed exchange (Caissie 2006). Vannote et
al. (1980) hypothesized that local gradients in rivers (e.g., temperature and
light) could influence the biotic communities that live in different portions
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of these ecosystems. Gradients in thermal conditions have been shown to
contribute to changes in fish (Taniguchi et al. 1998) and insect (Vannote and
Sweeney 1980) assemblages; similar results could be expected for crayfishes.
If true, local habitat-specific differences in temperature could have important
implications for crayfishes. In northern Michigan, neighboring streams can
have statistically significant differences in their annual temperature fluctua-
tions. For example, the Maple River fluctuated tnore than 25 °C during 2008,
while nearby Carp Creek ranged only 9 °C during the same period (T.A.
Keller, unpubl. data). The degree to which these habitat-specific differences
in temperature affect crayfish assemblages remains unknown. A review of
the crayfish literature confirms that a paucity of studies have evaluated how
crayfish temperature preferences relate to distributions of crayfishes among
natural environments (Lodge and Hill 1994).
There are three common, surface-water-dwelling crayfishes in northern,
lower Michigan. All have extensive geographic distributions that span the
northern portion of the United States and southern Canada (Taylor et al.
1996). Orconectes propinquus Girard (Northern Clearwater Crayfish) and
Orconectes virilis Hagan (Virile Crayfish) have long been reported as being
widespread in Michigan (Creaser 1931) and are designated as native to our
study region. Orconectes rtistictts Girard (Rusty Crayfish) has only been
observed in northern, lower Michigan since the late 1980s (B.A. Hazlett,
unpubl. data). It was most likely introduced by fisherman from its native
range in Ohio and Kentucky (Capelli 1982).
This study investigated the association between thermal preference, lo-
cal temperature, and the geographic distribution of crayfishes. These data
could provide insights into factors influencing the distributions of two
native and one non-indigenous crayfish species. To study this association,
we conducted laboratory thermal preference experiments and surveyed
crayfish and water temperature in northern Michigan aquatic ecosystems.
We hypothesized 1) that the mid-latitude origins of O. rusticus predispose it
to a preference for warmer water than O. virilis and O. propinquus, 2) that
species-specific ternperature preferences measured in the lab would correlate
with the temperatures measured at locations with high trapping success, and
3) that temperature influences the presence/absence of crayfishes generally.
Methods
Thermal preference study
We studied the temperature preferences of O. rusticus, O. virilis, and
O. propinquus at the University of Michigan Biological Station's Stockard
Lakeside Laboratory between July 4 and August 12, 2007. We maintained
crayfish in a I13-L aquarium (91 cm long, 33 cm wide, 41 cm deep), for at
least 1-2 days (Hazlett 1994) at room temperature (thermostat set to 20 °C)
to maintain animals in uniform, laboratory conditions prior to testing. We
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collected O. rusticus from Burt Lake {n = 27), Mullett Creek {n = 5), and Carp
River {n = 7); O. virilis from Burt Lake (« = 27) and Maple River (« = 18); and
O. propinquus from Douglas Lake («=15) and Maple River (« = 14). We used
only adult-sized crayfish in the preference trials.
Crayfish temperature preferences were tested in three separate 38-L
temperature-controlled aquaria (51 cm long, 25 cm wide, 31 cm deep).
We placed a brick (27 cm long, 12 cm wide, 6.2 cm high) in the middle of
each aquarium and set pieces of plexiglas* sloping down from the brick to
the aquarium bottom on both sides. We filled the space below the plastic
with sand. The plastic was roughened with sand paper to provide traction
for the crayfish. We heated one end of each tank using a submersible heater
and cooled the other using ice around the outside of the aquarium. This
design kept the cooler, heavier water on one side of the aquariutn and tnini-
mized vertical thermal stratification. By adjusting the heater settings and the
quantity of ice used, we maintained the water temperature of the tank ends
at 22 °C and 18 °C respectively. Temperatures were rneasured using ther-
mometers placed in each end of the tanks. We chose this temperature range
to match that recorded among sites in the Maple River.
Each aquarium was divided into ftve 10-cm-long zones. The cooler end
was designated as position 1. To ensure that all crayfish had the same test
experience and to minimize disturbance to the thermal gradient, we care-
fully placed a single crayfish on the central brick and recorded the position
of its céphalothorax every 5 min for 1 h. Crayfish were placed in the tanks
for 5 min prior to initiation of each trial. We alternated the cool and warm
ends between each trial, changed the water, and randomized the order of
testing (for all animals) to tninimize the potential effects of other uncon-
trolled variables. Crayfish temperature preferences were analyzed using an
analysis of covariance model (ANCOVA) that included terms for species,
sex, location of capture (river versus lake), and all interaction terms. Cara-
pace length was used as a covariate to control for potential size effects on
crayfish temperature selection. Post-hoc comparisons were assessed using
Tukey HSD, which corrects for experiment-wise error rates based on the
number of comparisons.
We characterized the thermal gradient by recording temperature at all 5
positions in one of our experimental tanks using iButton '^*^ recording devices
(Maxim Integrated Products, Inc.). Data were collected in the absence of
crayfish and recorded every min for 2 h. To estimate the temperature at each
position in the preference aquaria, we modeled the relationship between po-
sition and median temperature using a 2"'' order polynomial equation fitted
using a least-squares procedure ( r = 0.99).
Field surveys
We surveyed crayfish at 37 sites located within 8 rivers and 2 lakes in
northern Michigan. The goal of the survey was to document the distribution
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of O. rusticus, O. virilis, and O. propinquus—the most common, surface-
dwelling crayfishes in northern lower peninsula Michigan. Sites were
selected to represent a range of habitats and for their accessibility (e.g.,
road crossings, bridges, lake shores). We sampled crayfish using 2 or more
sardine-baited, modified Gee^"^ minnow traps (42 cm long, 0.6-cm mesh,
4-cm opening) set for at least 1 night (June 19-Aug 4, 2007 and July 6-Aug
7, 2008). In total, 284 traps were set during this study. To analyze the as-
sociation between field temperatures and crayfish abundance, we analyzed
a subset of trap results from 9 sites (see below) that were sampled in 2008.
We calculated the catch per unit effort from our trap data by dividing the
number of crayfish captured by the number of traps set and the length of
time in the water.
To quantify the temperature pattern among sites in northern Michigan,
we deployed submersible temperature recording gauges (i.e., iButtons^w)
at 9 sites from July 1-August 9, 2008. Data loggers recorded temperature
at each site every 4 hours. We placed loggers at 15 sites, but the data from
6 sites were lost when the gauges failed. We used the raw data to calculate
the probability that readings would exceed a given temperature (i.e., ex-
ceedance plot) for all 9 sites. To examine the association between summer
water temperature and crayfish, we compared the mean temperature be-
tween sites with and without crayfish (regardless of the species captured)
using repeated measures ANOVA (n = 9 sites, « = 39 daily temperatures).
All crayfish species were grouped for this analysis, because this data set
had a limited sample size.
Results
Thermal preference study
All 3 species selected positions within the testing apparatus that had
temperatures ranging from 21-22 °C. Despite this fact, thermal prefer-
ences differed significantly among species (ANCOVAP< 0.001; Table 1).
Orconectes rusticus chose positions within the aquaria with ~1 °C warmer
Table 1. Results of multi-factorial analysis of covarianee of crayfish position in the temperature
choice aquaria. Total sample size = 113,?^ = 0.35.
Factors df F-ratio P-value
Species
Source
Sex
Species*source
Souree*sex
Species*sex
Species*source*sex
Size
Error
2
1
1
1
1
2
2
1
100
13.1
4.2
0.1
4.0
0.5
2.2
2.9
0.3
0.000
0.043
0.728
0.022
0.498
0.113
0.062
0.569
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water than did O. virilis or O. propinquus (Tukey P < 0.001 for both com-
parisons). Orconectes virilis and O. propinqttus selected positions within
the testing tanks (Fig. 1 ) that had similar temperatures (=21 °C, Tukey P =
0.5). Site of capture (i.e., lake versus stream) influenced thermal prefer-
ences ( ANCOVA P = 0.04; Table 1 ). However, only the average position of
O. virilis collected from the lake was warmer than the position selected by
crayfish from the stream (Tukey P = 0.002; Fig. 1). Neither O. propinquus
nor O. rusticus showed statistically significant habitat-specific thermal
preferences (Tukey P > 0.2 for both). Crayfish thermal preferences were
similar regardless of the size or sex of the crayfish tested (ANCOVA P >
0.5 for both; Table 1).
Field surveys
Our field survey of crayfishes among 37 sites using sardine-baited min-
now traps yielded 526 individuals representing 4 crayfish species (Table 2).
Figure I. Mean
and standard error
(bars) of tank posi-
tion and estimated
temperature (°C)
selected by lake
(solid) and stream
(open) Orconectes
rustictis (lake n =
2 7 , s t r e a m / ) = 12),
O. virilis (lake
n = 27, stream n =
18), and O. pro-
pinqtnis (lake /) =
15, stream « = 14).
Results are based
on the average po-
sitions of crayfish
(1-5) within the preference tanks (1-hr trial). The second axis shows the model-
estimated median temperatures at these positions ( r = 0.99).
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Table 2. Number otsites where erayfishes were eollecled (in total, as single speeies. with more
than 1 speeies. and with Orconectes rusticu.i) and the number ot crayfish collected during trap
surveys in northern Michigan (2007 and 2008). The values in parentheses indicate the percent
of total.
Speeies
# of sites
Total Single speeies > 2 Species With O. rusticus
# of crayfish
captured
O. rusticus
O. virilis
O. propinquus
Total
11 (31)
15(42)
11 (31)
36
5(14)
5(14)
2(6)
6(17)
10(28)
9(25)
4(11)
3(8)
266(51)
106(20)
154(29)
526
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We excluded Cambarus diogenes Girard (Devil Crayfish) from further anal-
ysis since only 3 individuals were trapped during this study. Orconectes
rusticus comprised 51% of all crayfish captured and was recorded at 31%
ofthe sites sampled (Table 2). We trapped O. virilis at 42% of sites (Fig. 2),
but numerically it composed only 20% of all crayfish collected (Table 2).
Orconectes propinquus was captured at 31% of sites, and its abundance was
intermediate at 29% of total crayfish collected. Both O. rusticus and O. vi-
rilis were trapped in Burt and Douglas lakes. We often found a monoculture
of O. rusticus at river sites hydrologically connected to lakes containing
this non-native species (Fig. 2). No crayfish were collected from 33% of
the sites sampled. Co-occurrence among O. rusticus, O. virilis, and O. pro-
pinquus was common. We found 2 or more species present at 33% of sites
sampled (Table 2). Orconectes rusticus co-occurred with O. propinquus and
O. virilis at 3 and 4 sites respectively. Similarly O. virilis and O. propinquus
No crayfish
0 O. propinquus
Figure 2. Map of the trapping sites for Orconectes rusticus (solid black circles),
O. virilis (large open circle), and O. propinquus (open circle with dot). Gee^" min-
now trap were baited using sardines at 37 sites in northern Michigan. Number labels
indicate sites where temperature gauges and trapping occurred simultaneously during
the summer of 2008.
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co-occurred at 7 sites. Both O, virilis and O. rusticus occurred in isolation
at 5 sites, whereas O. propinquus was the only crayfish species trapped at 2
sites (Table 2).
To characterize geographic variation in stream water temperature, we
simultaneously deployed data loggers at 9 sites for 39 days. Temperature
varied temporally among sites (Fig. 3). For example, sites 1 -3 had little tem-
perature variation compared to other sites. These same sites were colder and
showed no temperature overlap with the other 6 sites despite their concurrent
data record (Fig. 3).
To exatnine the association between crayfish abundance and the tem-
peratures among natural habitats, we deployed traps at the 9 sites where
we concurrently monitored daily temperatures (2008). Orconectes rusticus,
O. virilis, and O. propinquus were collected from 3, 4, and 2 (respectively)
of these sites (Table 3). Catch per unit effoit for all three species ranged
from 0-4 crayfish per trap day (Fig. 4). All three species were captured at
30
p
i
• Site 4
20
o Site
+ Site
• Site
• Site
• Site
^Site
oSite
A Site
6
8
7
9
5
3
1
2
10
' °^ . °
0.2 0.4 0.6 0.8
Proportion of Measurements
Figure 3. Probability of exceedance plotted against temperature for 9 sampling lo-
cations. An exceedance value of 1 indicates the lowest recorded temperature. Site
numbers correspond to sampling locations (Fig. 2) where summer temperature was
logged for 39 days in 2008 (Table 3). Crayfish were collected at sites contained in
the rectangular box.
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sites with average temperatures ranging from 21.0 to 22.7 °C (Fig. 4). The
limited sample size of this dataset precludes a rigorous statistical analysis of
temperature associations among individual species.
Because we only had a limited sample size (« = 9) and our results in-
dicated little habitat-specific temperature differentiation among species
(Fig. 4), we compared the temperatures of sites with and without crayfish
(irrespective of species). Using the crayfish and temperature data from the
9 sites sampled in 2008, we found that sites without crayfish (n = 4) were
significantly colder than those with crayfish (n = 5, repeated measures
ANOVA P = 0.026; Table 3). No crayfish were collected from sites 1-4.
We never captured crayfish at site 4 despite the fact that it is located 10 m
Table 3, Percentage of Orconectes rusticus (OR), O. virilis (OV), and O, propinquus (OP) col-
lected at 9 sites (see Fig. 2) during the summer 2008 using sardine-baited Gee^" minnow traps.
Effort indieates the number of traps multiplied by the time the traps were deployed, n equals
the total number of individuals trapped.
Site
1
2
3
4
5
6
7
8
9
Effort (traps*hr)
42,2
37,3
43,8
45,1
9675,0
67,3
77,9
46,2
40,3
n
0
0
0
0
108
6
16
1
12
OR
_
-
-
-
75.0
100,0
66,7
OV
25.0
83.3
25.0
.
33,3
OP
_
_
_
75.0
16.7
.
-
0.2
CO
LU
:D
O
0.1
0.05
O o. virilis
• O. rusticus
'^ O. propinquus
O
O
O
10 15 20 25
Average Daily Temp (°C)
Figure 4. Catch per unit
effort for 3 species—Or-
conectes virilis (open cir-
cles), O. rusticus (filled
circles), and O. propin-
quus (open triangles)—
among 9 sites where tem-
perature was recorded
using submersible data
loggers. Loggers record-
ed temperature (0,5 °C
resolution) every 4 hours
for 39 days during the
summer 2008.
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downstream from Douglas Lake—a waterbody where we have collected
all 3 species of crayfish. Furthermore, 1 km downstream of this site, the
Maple River has populations of O. virilis and O. propinquus (Keller et al.
2005). Because site 4 draws warm epilimnetic water from Douglas Lake,
its inclusion in the crayftsh-absent group of sites increases that group's
average temperature and variance. Thus the true temperature difference
between sites with crayfish present and absent may prove to be even
greater than reported here.
Discussion
This study tested and found support for the hypothesis that O. rusticus
prefers warmer water tetnperatures than O. virilis and O. propinquus. How-
ever, the differences among species were relatively minor (=1 °C). While
it is possible that the 4 °C temperature range of our test chambers could
have constrained crayfish preferences, our results are consistent with other
published results and show an association between lab-measured crayfish
temperature preferences and temperatures of crayfish habitats. Thermal
preferences reported for Orconectes immunis Hagan (Calico Crayfish) (18-
22 °C; Crawshaw 1974), Orconectes obscurus Hagen (Allegheny Crayfish)
(=26 °C; Hall et al. 1978), O. rusticus (22 °C; Mundahl and Benton 1990),
O. virilis (22-26 °C; Peck 1985), and Astacus astacus L. (Noble Crayfish)
(=18 °C; Kivivuori 1994) indicate that crayfishes prefer temperatures from
18 to 26 °C. Since crayfish growth improves as temperature increases
(Wetzel and Brown 1993), crayfish that move to warmer habitats may grow
larger and improve their ability to compete for shelter (Klocker and Strayer
2004), acquire mates (Berrill and Arsenault 1984), and avoid predators
(Stein 1977). Mundahl and Benton (1990) hypothesized that adult O, rusti-
cus select temperatures (20-25 °C) to maximize their survival, rather than
their growth, to avoid problems caused by molting at high temperatures.
Thermal preferences may provide a behavioral mechanism to optimize
metabolic demand by avoiding cellular hypoxia (high temperatures) or limi-
tation of the aerobic capacity of mitochondria (low temperatures; Pörtner
2002). Literature reports for O. virilis (0.017 g/g/d at 26 °C; Whitledge
and Rabeni 2003), O. propinquus (0.017 g/g/d at 24 °C; Spencer 1984), and
O. rusticus (0.013 g/g/d at 25 °C; Eggleston and Lustick 1981) indicate that
all 3 species have similar metabolic rates. These metabolic similarities may
require similar temperature conditions and thermal preferences.
Crayfish acclimatize to water temperature both behaviorally (Hall et
al. 1978, Taylor 1984) and physiologically (Claussen 1980, Layne et al.
1987). We expected that lake and stream temperatures would affect cray-
llsh thermal preferences, as has been documented for O. obscurus (Hall et
al. 1978). We found that O. virilis showed evidence that the habitat where
it was captured influenced its thermal preference. Orconectes virilis from
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the lake showed a greater preference for warmer water than individuals
captured in the stream, a pattern not detected for O. rusticus and O. pro-
pinquus. One possible explanation for this result could be that O. rusticus
and O. propinquus adjusted their preferences very quickly during their lab
acclimation period (24-48 h). Alternatively, these two species, like O. im-
munis (Crawshaw 1983), may have inherent thermal preferences that are
not altered by environmental conditions.
We found that crayfish abundance varies among habitats with different
temperatures; however, we had little data to evaluate the hypothesis that
O. rusticus is disproportionately abundant at warm sites. All 3 species of
crayfishes were most abundant at sites having summer temperatures ranging
from 21-23 °C, and no crayfish were captured or observed in streams with
cold, stable summer temperature regimes. Additional trapping and night-
time visual surveys of these cool-water sites (1-3; Fig. 2) have yielded no
evidence of the presence of crayfish (exoskeletons, burrows, etc). These
cool water sites were not cold enough to cause acute crayfish mortality
(Claussen 1980, Layne et al. 1987) given the fact that O. virilis can survive
near freezing temperatures in northern climates (Aiken 1968). Knowing that
O. virilis and O. immunis both fail to molt and grow when maintained at 10
°C in laboratory experiments (Wetzel and Brown 1993), it is possible that
crayfishes require a critical period of warm conditions to sustain adequate
growth before the onset of winter.
There is renewed scientific interest in quantifying geographic pat-
terns in the physiological capabilities of species, characterizing the form
of these patterns, and ultimately elucidating the mechanisms explaining
them (Gaston et al. 2009). These generalizations about physiological
tolerances may help explain the geographic distribution of crayfish spe-
cies in northern Michigan. However, taxa-specific thermal maxima are
unlikely to explain our findings. Orconectes rusticus and O. virilis have
critical thermal maximums ranging from 33-40 °C (Claussen 1980). These
temperatures exceed those recorded during this study. Furthermore, since
O. rusticus can reduce its exposure to acute thermal stress by moving to
new habitats when temperatures become extremely elevated (Mundahl
1989), it can endure episodic temperature extremes exceeding its thermal
tolerance. The low abundance of crayfishes from the coldest sites may indi-
cate that crayfish distributions are influenced by their thermal minimums.
This explanation seems reasonable for crayfish living in northern latitudes
(>45° N); however, the evidence from the scientific literature supporting
this explanation is limited. The thermal minimum of O. rusticus changes
seasonally (Mundahl and Benton 1990) and declines to nearly 1 °C (Layne
et al. 1987). Thus O. rusticus can alter its physiology seasonally and can
tolerate near freezing temperatures. Data on the cold tolerance of O. virilis
and O. propinquus are needed to assess whether physiological differences
among species influence their geographic distribution.
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An additional pattern emerged when we analyzed the entire survey
region (Fig. 3); O. rusticus was found in larger lakes and the adjourning
streams. This pattern may indicate that O. rusticus occurs where humans
have introduced them. People live near and fish in lakes and streams.
When anglers released crayfish from their bait buckets they may have
inadvertently transferred O. rusticus to new habitats (Capelli and Magnu-
son 1983, Olden et al. 2006). We collected O. rusticus in Mullett Creek,
Maple River, and Carp River. These rivers are connected to O. rusticus
populations from Mullett Lake, Paradise Lake, and Burt Lake (T.A.
Keller, pers. observ.). Orconectes rusticus populations occur in the Maple
River upstream of Burt Lake and downstream of a dam located at the con-
fluence of the east and west branches. This dam may prevent O. rusticus
from moving farther upstream. O. rusticus migrated around Trout Lake
(Wisconsin) at a rate of 0.68 km/yr (Wilson et al. 2004). This species
might spread more slowly in streams that have dams and other barriers
such as elevated culverts (Kerby et al. 2005). Our results are consistent
with reports that O. rusticus is found at sites with extensive human activ-
ity (Capelli and Magnuson 1983) and appears to disperse to other water
bodies that are connected hydrologically (Olden et al. 2006).
Our survey results indicate that O. rusticus has not completely dis-
placed its congeners from streams and lakes in northern Michigan. At
select locations (e.g.. Carp River), this non-indigenous crayfish has spread
into streams where it was not previously found and completely displaced
established species (Hazlett 1985). In Burt and Douglas lakes, O. rusticus
and its congeners have co-occurred for more than 20 years (B.A. Hazlett,
unpubl. data). More data are needed to assess whether O. virilis will be
completely displaced by O. rusticus in Burt and Douglas lakes. Despite
its rapid dispersal and increasing proportional representation within the
crayfish fauna. Olden et al. (2006) found that O. rusticus co-occurred
regionally with O. virilis and O. propinquus in over 86% of watersheds
examined. It is possible that environmental (e.g., temperature), spatial
(e.g., dams), and temporal factors (e.g., time since introduction) enable
regional co-occurrence among crayfishes as O. rusticus colonizes new
habitats. Questions regarding what environmental conditions influence
the geographic distribution of crayfish species should present an impor-
tant focus of future research.
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